We investigated ripple formation on a nickel electrode during a glow discharge in a solution. A nickel wire was partially melted to produce nanoparticles during glow discharge electrolysis. When the electrolysis time was over 30 min, a ripple pattern was formed on the electrode surface, and particle size increased. In this study, we investigated the relationship between the ripple formation and crystal orientation of the electrode. As a result, the ripple patterns were formed on all planes, except (111)-and (100)-oriented planes; their direction was [001] . The fabrication of regular structures has been used in many technological applications in a variety of fields. Among these structures, the formation of ripple structures and laser-induced periodic surface structures (LIPSSs) has attracted much research interest in recent years, both in terms of understanding its underlying physical mechanism and for potential applications such as acting as a template for quantum dot formation, 1 fabrication of nanowires, 2 and depthprofiling analysis. 3 To obtain the rippled structure, ion-beam sputtering [4] [5] [6] [7] and laser irradiation 8, 9 have been employed. When a high direct-current voltage is applied to a conductive electrode in a solution, a plasma layer is generated in the interface between the electrode and the solution. Under this condition, the electrode is referred to as "a glow discharge electrode" by Hickling and Ingram, 10 who reviewed the light emission from this electrode. A solution plasma system using glow discharge electrolysis has been applied to the synthesis of nanoparticles. [11] [12] [13] [14] [15] [16] However, the electrode surface during a nanoparticles synthesis has not been investigated deeply.
In this study, we discovered that a rippled structure was formed on the glow discharge electrode during a nanoparticles synthesis. We have investigated the dependence of the ripple formation on the crystal orientation of the electrode. The experimental setup consisted of two electrodes in a glass cell. The cathode was a nickel wire with a diameter of 1.0 mm; the counter electrode was a platinum wire. A 0.1 M NaOH solution was used as the electrolyte. A plasma layer of a glow discharge was generated around the cathode and was maintained by applying 140 V (using a direct-current power supply). The electrolysis time was changed over the range of 1-360 min. The electrode was characterized using a scanning electron microscope (SEM). The volume mean diameter of the nanoparticles was measured using a transmission electron microscope (TEM). The electrode was characterized using an electron backscatter diffraction (EBSD) technique. For the EBSD analysis, the surface of the electrode wire was mechanically polished using a rotary sander before electrolysis.
When the voltage was 50 V or less, the electrolysis of water occurred, and the current increased with increasing voltage. Because the electrical resistance heating of the solution was concentrated in the region of the solution surrounding the cathode, the solution near the cathode heated to the boiling point and a gas layer, containing hydrogen gas and steam, was generated. Once the gas layer has been generated near the cathode's surface, the current cannot increase any further and, instead, decreases, because the cathode and the solution are no longer in contact. If the voltage is sufficiently high, the gas layer forms a glow discharge plasma. When the voltage is over 120 V, glow discharge occurs. The intensity of the light emission increases with increasing voltage. Figure 1 shows the SEM images of the nickel electrode after electrolysis for different electrolysis times. The electrolysis time was varied from 1 to 360 min. When the electrolysis time was less than 5 min, a particle-coated surface was generated on the surface of the electrode [Figs. 1(a) and 1(b)]. With more than 30 min electrolysis time, ripple patterns were formed on the electrode's surface [Figs. 1(c) and 1(d)]. The spacing of these patterns increased with increasing time; 1.4 lm at 30 min and 1.9 lm at 360 min. From the size distribution of the produced nanoparticles shown in Fig. 2 , the particle size increased with increasing electrolysis time. The modal diameter did not change significantly for different electrolysis times. The ratio of coarse particles with a diameter greater than 500 nm was increased from 5.7 wt. % at 5 min to 29 wt. % at 360 min. These results suggest that the particle-coated surface, much like the surface at 5 min, continuously produced small particles. The rippled surface likely produced the coarse particles.
To investigate the ripple formation mechanism, the electrode surface after 30 min of electrolysis was characterized using an EBSD technique. Figure 3(a) shows a SEM image of the nickel electrode before electrolysis. The electrode surface was mechanically polished and marked, as shown in the right side of Fig. 3(a) , to locate the same area after electrolysis. The electrode surface was quite smooth and defect free. structure with the grain size of less than 50 lm and that no crystal orientation anisotropy existed in the electrode. Figure  3 (c) shows a SEM image of the nickel electrode after 30 min of electrolysis. We observed both a rippled surface and a particle-coated surface on the electrode. Regions with the same surface pattern are enclosed by black lines. It is noteworthy that the surface patterns agreed well with the crystal grains. This result indicates that the surface pattern depended upon the crystal orientation of the electrode; the black lines in Fig. 3(c) correspond to the grain boundaries. Figure 4 shows enlarged SEM images and EBSD maps corresponding to Area 1 to 4 in Fig. 3(c) . The arrows overlaid on the SEM images show the direction of the ripple pattern. The cubes in the EBSD maps show the crystal lattice of a nickel sample at each grain. These cubes were drawn based on the calculation of the crystallographic tilt, as taken from the inverse-pole-figure. From these results, we know that the ripple patterns were formed on all planes except (111)-and (100)-oriented planes. The particle-coated surfaces were formed on the (111) plane and the (100) plane. The center grain in Area 2 is the (100) plane. The center of Area 4 contains a region in the (111) plane orientation. The direction of the ripple pattern depended upon the lattice orientation, as indicated by arrows in the EBSD maps; the lattice direction was [001] .
Previous reports indicate that the nanoparticles are produced via two mechanisms in the solution plasma: local melting of an electrode because of the current concentration, which is induced by the electrothermal instability, 13 and uniform sputtering in the form of a bombardment of charged particles in the plasma. 12 The agglomeration of molten metals probably produced the particle-coated surface. However, ripple formation on the glow discharge electrode has not previously been reported. In the case of ion beam sputtering, [4] [5] [6] [7] Xe þ , Ar þ , Kr þ , and Ne þ ions have been used with an accelerating voltage of 1-60 kV. The incident angle and substrate temperature have an influence on the ripple formation. In the solution plasma, the main species in the plasma are OH À , Na þ , H þ , and ionized Ni. 17 These ions seem to be too small to bombard the electrode surface. Additionally, the applied voltage of 140 V is relatively small, as compared to the ion beam irradiation. It is unlikely that ripple formation on the glow discharge electrode was induced by the ion sputtering process.
We are also considering the possibility of thermal etching, in which facets and grooves are generated on a surface via the evaporation, surface diffusion, and body diffusion of 2012) an electrode. 18 Faceting is a phenomenon in which a plane with a low surface energy grows on the sample surface under high temperature conditions. Grooves are generated at the grain boundaries. In certain cases, the thermally etched plane grows a rippled surface. 18 In the case of a face-centeredcubic (FCC) like nickel, the surface energy increases in the following order; (111), (100), (110), and (210). According to the literature, the (111) and (100) facets have been observed on FCC surfaces. 18, 19 EBSD maps in Fig. 4 indicate that the direction of the ripple pattern is the [001] direction. If we denote the facet plane by (k, l, m), the following relation will hold:
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We can calculate the facet planes: k -l ¼ 1, m ¼ 0. From these equations, the facet planes should be (100), (210), (310), etc. If the (111) facet is generated, the ripple pattern will be in the [1 10] direction. Generally, the facet plane is determined by the crystallographic tilting; the plane near the (111) plane generates the (111) facet. However, in the case of a glow discharge electrode, all facet planes probably consisted of the (100) plane. There is a possibility, that is, that the surface oxidation changed the surface stability so as to selectively stabilize the (100) plane.
In conclusion, the relationship between ripple formation and the crystal orientation of an electrode was investigated. When the electrolysis time was greater than 30 min, the electrode surface was changed from a particle-coated surface into a rippled surface. The formation of the coarse particles from the rippled surface contributed to a net increase in particle size. EBSD maps indicated that the ripple patterns were formed on all planes except the (111)-and (100)-oriented planes. The direction of the ripple pattern was [001] . The ripple pattern was likely generated because of the thermal etching during the glow discharge in a solution. These results suggest that the particle size is controllable by changing the crystallographic face of an electrode. In the case of a nickel electrode, the (100)-and (111)-oriented planes will produce small particles. FIG. 4 . Enlarged SEM images and EBSD maps corresponding to the Area 1 to 4 in Fig. 3(c) . The arrows in SEM images show a direction of a ripple pattern. The cubes in EBSD maps show a crystal lattice of a face centered cubic (FCC) at each grain. The cubes are based on the calculation of the crystallographic tilt from inverse-pole-figure. 
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